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Ring-on-ring tribological experiments were performed with hy-
brid mechanical seals with silicon nitride (Si3N4) rings. The
KPV product, where K is the wear coefﬁcient, P the sealing
pressure, and V the linear speed, is proposed as a novel param-
eter to characterize the total working range of a mechanical seal
system, with the advantage of directly indicating the thickness
reduction for a certain time of service. The KPV criterion is
represented in a map form called ‘‘functionality diagram.’’ The
rotary Si3N4 rings show the better behavior (KPV5 0.05 lm/
h) against WC–Co mating faces.
I. Introduction
MECHANICAL seals are safety components to avoid ﬂuid loss-es or contaminations from transfers between neighboring
chambers in machine elements. Leakage control is imperative
when ﬂuids, liquids, or gases, are toxic, corrosive, inﬂammable,
explosive, and radioactive. Hence, these components are present
in the most important industries (chemistry, alimentary, phar-
maceutical, cellulose, textile, cryogenics, power energy, nuclear,
automotive, gas reﬁneries, etc.) and human activities (agricul-
ture machinery, navy, transports, etc.).1,2
A mechanical seal part is formed by two rings, usually made
of dissimilar materials: a rotary, primary, or dynamic ring,
which is ﬁxed to the shaft, and a static ring or counter-ring,
mechanically linked to the machine stator. The sealing effect is
guaranteed by the adding up of the pressure of a spring actu-
ating on the dynamic ring, to the hydraulic one resulting from
the working ﬂuid.1,2 In liquid sealing, and if the mechanical seal
faces are ﬂat, the most common regime is boundary lubrication.
In this condition, the volume of interfacial liquid ﬁlm is limited
and so is the hydrodynamic pressure to support the load, and
solid contact takes place between the surfaces. Some wear is in-
evitable and careful material selection and surface ﬁnish require-
ments are crucial for minimizing friction and wear.
The PV product (P is the effective pressure on the working
faces and V their respective linear speed) is the usual parameter
for material’s mechanical seal selection. All classes of materials
have been used in the fabrication of these components, provid-
ing a wide range of applications depending on the required serv-
ice condition. Among these, ceramics and ceramic–matrix
composites possess an appropriate combination of high corro-
sion resistance, low wear, and low inertial mass. Silicon carbide,
alumina, zirconia, and silicon nitride are the most common ce-
ramics used as mating surfaces.2–4 The latter is an attractive
choice because of its relatively high fracture toughness and low
processing cost, compared with the other ceramics.5 Only a few
works report on the tribological performance of Si3N4-based
seals. In gas turbine application, this ceramic, in monolithic
form or reinforced by BN particles, showed a high oxidation
resistance when exposed to the hot (14001C) combustion prod-
ucts, assuring a relatively low friction coefﬁcient (0.09–0.11) in
full sealing condition.6 The present authors, in a previous pa-
per,5 described the wear mechanisms of self-mated Si3N4 and
Si3N4 gray cast iron (GCI) systems and demonstrated that the
dissimilar pair is the best combination, by preventing ﬂuid leak-
age and providing a moderate wear coefﬁcient (K  108 mm3/
N/m).
In the present work, the tribological behavior of hybrid
mechanical seals with Si3N4 rings in planar contact against
hardmetals and GCI is fully characterized. A new useful
representation (‘‘functionality diagram’’) for selection of a cer-
tain sealing system is proposed based on the product KPV, a
measure of the seal ring thickness reduction for a certain time of
service.
II. Materials and Experiments
Several materials were selected to produce rings for tribological
characterization: (i) silicon nitride, Si3N4 (SN); (ii) silicon ni-
tride/carbide composites, Si3N4/10 wt% SiC (SN10SC) and
Si3N4/30 wt% SiC (SN30SC); (iii) GCI BS grade 200 (GCI);
and (iv) hardmetal ISO grade GD05, WC/5 wt% Co (WC).
Details on the composition, sintering procedure, and mechanical
properties of the Si3N4-based ceramic materials are described
elsewhere.5 Before testing, the working surfaces were polished,
giving rise to initial roughness values (Ra) presented in Table I
and to the typical microstructures shown in Fig. 1.
Ring-on-ring tribological experiments were carried out in a
rotary tribometer (TE-92, Plint & Partners, UK). Complex load
application and speed variations are possible through a micro-
processor that controls the angular speed in the range 0–3000 rpm
and the load in the range 0–2000 N. The tests were carried
out in planar contact conﬁguration (ASTM D3702-94), simu-
lating a mechanical sealing process. The dimensions of the upper
and lower rings for the tribological testing are, respectively, 43-
33-6 and 46-31-6 (external diameter–internal diameter thickness
in millimeter). The tests were conducted at room temperature in
minimal PV conditions (effective pressure linear speed) that
assured effective sealing under an internal pressure of 2 105 Pa
of a mixture of 20 vol% of hydrogen peroxide in deionized
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water. This ﬂuid was chosen to simulate sealing under severe
oxidation conditions. The adopted linear speed was almost con-
stant (V  4 m/s), while the sealing effective pressure depended
on the opponent ring material (P  0.2 and P  1.3 MPa for
GCI and WC, respectively), as detailed in Table I. A load cell
continuously measured the friction torque of the tribosystem
from which the respective average friction coefﬁcient (f) was
calculated considering several steps (a minimum of 4) within a
total sliding distance between 66 and 890 km, depending on the
wear resistance of the sliding pair. The corresponding average
wear coefﬁcient (K) was evaluated taking the ratio between the
volume loss and the effective load sliding distance product, the
volume loss being assessed by weighing the samples. Both tribo-
logical parameters were appraised in steady-state conditions af-
ter a running-in period. The worn surfaces of the rings were
analyzed by scanning electron microscopy with chemical anal-
ysis (SEM/EDS), and the dominant wear mechanisms were
identiﬁed.
III. Tribological Performance
(1) Ceramic Rings
Table I presents the friction and wear coefﬁcients of the tested
pairs, together with the initial and ﬁnal surface roughness of the
rings. Regarding the tribological parameters, it must be pointed
out that when WC parts are involved, f is approximately one-
tenth of the values calculated for GCI contacts and K is almost
one order of magnitude lower.
The comparison between the surface roughness of the ceramic
rings before and after testing (Table I) shows no significant
changes on the surface topography. The worn surfaces of mon-
olithic Si3N4 are very smooth after sliding against both GCI and
WC/Co rings (Figs. 2(a) and (c)). A general feature is the ex-
tensive covering of Si3N4 with an oxygen-rich layer, as detected
by EDS analysis. This is explained by the well-established tribo-
chemical mechanism of amorphous silica formation after Si3N4
and SiC hydration.7,8 This layer afforded third-body protection
to the ceramic ring surfaces, keeping the wear coefﬁcient values
in the acceptable range of 109–108 mm3/N/m (Table I). The
thickness of this tribolayer is higher in the inner contact area
where the ﬂuid has access, as previously discussed.5 A remark-
able value of 2.9 109 mm3/N/m is presented by the SN10SC
ring when sliding against the WC/Co counterpart. This ceramic
composite presents better mechanical properties (HV5 13.4
GPa and KIc5 6.3 MPa m1/2) than the monolithic Si3N4 ma-
terial (HV5 12.1 GPa and KIc5 6.0 MPa m1/2) and thus a
higher wear resistance. The addition of a great amount of SiC
particles to the Si3N4 matrix (SN30SC) led to a detrimental
tribological response. A representative morphology of the
SN30SC worn surface is given in Fig. 2(b). Here, the silica
smooth layer continuity is interrupted by material detachments,
namely SiC particle debonding and pullout, as a consequence of
the lack of matrix/dispersoid interfacial mechanical resistance.9
This results in a relatively high surface roughness (40.1 mm),
even for the initial polishing state, as well as in a two order of
magnitude higher wear coefﬁcient than for SN/GCI contacts,
reaching 106 mm3/N/m (Table I).
(2) GCI Rings
The mating GCI surfaces of the hybrid systems with Si3N4 rings
(Fig. 3(a)) are also covered by broad oxidized layers from metal
oxidation after the aqueous media corrosive action and trans-
ferred silica from the ceramic. However, this tribolayer is not so
effective in protecting the metal alloy than in the ceramic coun-
terface, because the graphite ﬂakes tend to be removed, leading
to large cavities at the contact surface. The graphite brittleness
also explains the high initial surface roughness of GCI by pol-
ishing (Ra5 2.194 mm in Table I). The GCI wear mechanism of
the SN/GCI tribopair starts with a low-scale abrasion by loose
ceramic particles,10 which explains the notable decrease of Ra,
followed by the mentioned tribooxidation and graphite pull-out
effects. The relatively low K and Ra values are in agreement with
those of the ceramic counterpart (Table I). For the tested GCI
ring against the Si3N4/30 wt% SiC composite, the ﬁnal Ra value
is very high like in the as-polished state, meaning that the above-
referred microscale abrasion was not effective. In fact, the ce-
ramic composite had the highest wear rate observed in the
present set of distinct triboelements, as reported above, giving
rise to a rough surface that causes net abrasive grooves and as-
sists in graphite removal at the GCI counterface (Fig. 3(a)). The
K value of the GCI ring of the SN30SC/GCI system is therefore
higher than the corresponding K of the SN/GCI pair (Table I).
Table I. PV Product (P—Effective Pressure; V—Linear Speed), Friction (f) and Wear (K) Coefﬁcients, and Roughness (Ra) Values
for the Distinct Ring-on-Ring Tested Pairs
Tested pair P (MPa) V (m/s) f
K (mm3/N/m) KPV (mm/h) Ra (mm)
Upper ring Lower ring Upper ring Lower ring
Upper ring Lower ring
Initial Final Initial Final
SN/GCI 0.170 4.10 0.15 4.2 108 1.3 107 0.11 0.33 0.067 0.082 2.194 0.258
SN30SC/GCI 0.146 4.26 0.15 5.9 106 5.3 107 13.21 1.18 0.114 0.132 2.194 2.000
GCI/GCI 0.171 4.35 0.22 5.3 107 5.6 107 1.42 1.50 2.194 1.121 2.194 0.841
SN/WC 1.247 4.10 0.03 7.7 108 9.8 108 1.42 1.80 0.067 0.075 0.007 0.112
SN10SC/WC 1.250 4.14 0.02 2.9 109 5.0 108 0.05 0.93 0.100 0.095 0.007 0.205
WC/WC 1.243 4.35 0.03 2.1 108 3.5 108 0.41 0.68 0.007 0.030 0.007 0.026
SN, Si3N4; GCI, gray cast iron; SN10SC, Si3N4/10 wt% SiC; SN30SC, Si3N4/30 wt% SiC; WC, WC sintered with 5 wt% Co.
Fig. 1. Microstructures of ring materials before tribological testing
(scanning electron microscopy images): (a) monolithic silicon nitride
(Si3N4) (CF4 plasma etched); (b) Si3N4/10 wt% SiC composite (CF4
plasma etched); (c) gray cast iron; (d) WC/5 wt% Co.
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Self-mated GCI ring-on-ring experiments were also per-
formed to compare the tribological response of the metallic
ring with that of the hybrid systems with ceramic parts. Figure
3(b) shows the main features of the worn GCI morphology: (i)
polished regions; (ii) graphite ﬂake cavities; and (iii) adherent
agglomerates of oxides aligned along the sliding direction. Un-
like the SN/GCI system, polishing action from abrasive loose
particles and tribolayer protection by silica is absent, resulting in
a higher Ra ﬁnal value (Table I), although lower than for the
case of the deleterious contact with the Si3N4/30 wt% SiC ring.
(3) Tungsten Carbide Rings
The surface morphology of the mating WC/5 wt% Co surfaces
tested against the SN or the SN10SC ceramic rings is charac-
terized by uniform oxidation (dark areas), although alternated
with scratched regions coming from Si3N4 two- and three-body
abrasive action (Fig. 3(c)). According to this, the Ra value of the
WC ring significantly increases from 0.007 to 0.112 or 0.205 mm
(Table I). On the contrary, in self-mated WC/Co experiments,
the hard metal surfaces almost preserve the initial polished level,
the Ra value slightly increasing to 0.026 mm (Table I). Extensive
oxygen-rich triboﬁlms spread along the sliding direction (dark
areas in Fig. 3(d)) protecting the WC operating ring surface.
IV. Functionality K Versus PV Diagram
The major operating parameters of mechanical seals are the ef-
fective pressure (P) at the contact surface and the linear speed
(V), the product of these assuming a particular practical rele-
vance because the minimum PV value corresponds to the onset
of the sealing condition and the maximum value is an indication
of their lifetime limit. The wear coefﬁcient (K) of a mechanical
seal is related to this product by the following equation:
K ¼ WVðPVÞAt (1)
where WV is the wear volume for a given time (t) and A is the
open hydraulic area. Thus, the KPV product is a measure of
the surface loss of the sealing system for a given time of service
and it can be expressed in convenient units of mm/h for design
purposes. From Eq. (1), the logarithmic representation ln(K)
versus ln(PV) is a suitable way to rank each mechanical seal
combination. This is plotted in Fig. 4 for the overall set of up-
per/lower ring values presented in Table I. If an acceptable ring
thickness reduction is assumed, the lifetime of a system increases
with decreasing origin intercepts of –1 slope straight lines pass-
ing through each pair of values. Moreover, the best systems are
those that present the lowest PV product for effective sealing,
i.e. with leftward tendency. The combination of minimal wear
and least PV sealing condition is sketched in Fig. 4 by a result-
ant arrow pointing to the bottom left corner of the graph. This
representation, here called the ‘‘functionality diagram,’’ allows
the selection of a mechanical seal system in a worthwhile form.
Figure 4 shows that the system with the better performance
with minimal sealing onset conditions is the hybrid pair SN/GCI
that presents a KPV value of 0.11 mm/h for the ceramic ring
and 0.33 mm/h for the metallic counterpart. On the contrary, the
worst combination put in evidence by the functionality diagram
Fig. 2. Scanning electron microscopy micrographs of the ceramic worn surfaces from the tested pairs: (a) silicon nitride (Si3N4) against gray cast iron;
(b) Si3N4/30 wt% SiC against gray cast iron; (c) Si3N4 against WC/5 wt% Co.
Fig. 3. Scanning electron microscopy micrographs of the worn surfaces of gray cast iron and WC from the tested pairs: (a) Si3N4/30 wt% SiC against
gray cast iron; (b) self-mated gray cast iron; (c) Si3N4 against WC/5 wt% Co; (d) self-mated WC/5 wt% Co.
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corresponds to the SN30SC/GCI system. This is in accordance
to the poor tribological performance of this pair as described in
the previous section. In spite of the fact that the lowest KPV
value found in the overall set of rings is the one corresponding to
the SN10SC material against WC (0.05 mm/h), the PV condition
for full sealing with WC rings is tenfold that against GCI rings.
The lower hardness of GCI relative to WC and its lower oxida-
tion resistance lead to a faster sealing of the opponent rings be-
cause of larger amounts of surface oxides and an easier surface
polishing/accommodation. Another disadvantage of the sealing
systems with the WC conventional material is its high specific
weight, which can dissuade its application in large-diameter ro-
tary rings.
V. Conclusions
Hybrid mechanical seals made of Si3N4-based rings combined
with GCI or hardmetal (WC–Co) ones proved to be adequate
for sealing of aqueous solutions. Outstanding values of
K5 2.9 109 mm3/N/m for the wear coefﬁcient and f5 0.02
for the friction coefﬁcient result when a Si3N4–10 wt% SiC
composite ring is used against a WC–Co counterpart. In Si3N4/
GCI systems, K is almost one order of magnitude higher and f is
approximately tenfold the above value. In both kinds of hybrid
systems, the ceramic composite ring surfaces are protected by an
extensive oxygen-rich layer, mainly amorphous silica, from
Si3N4 and SiC hydration.
The KPV product is proposed to be a convenient measure
of the surface loss of the sealing system for designing purposes,
as it is expressed in convenient units of mm/h. The mechanical
seal system with better performance is the SN/GCI with a
KPV value of 0.11 mm/h for the ceramic ring and 0.33 mm/
h for the metallic counterpart. However, considering only the
ceramic ring, the best results (KPV5 0.05 mm/h) are ob-
tained against the WC ring. The logarithmic representation
ln(K) versus ln(PV), here called the ‘‘functionality diagram,’’ is
a suitable way to rank the performance of each mechanical seal
combination.
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